Rocks of the granulite facies have been proposed as major constituents of the lower continental crust. To evaluate this possibility, compressional and shear wave velocities have been determined to pressures of 10 kb for 10 granulite samples, thus enabling comparisons of seismic data for the lower crust with the velocities and elastic properties of granulite rocks. The samples selected for this study range in composition from granitic to basaltic, with bulk densities of 2.68 to 3.09 glcm3. At 6 kb, compressional (Vp) and shear (V.) wave velocities range from 6.39 to 7.49 kmlsec and from 3.36 to 4.25 km/sec, respectively. Velocities in granulite rocks are shown to vary systematically with variations in mineralogical constitution. Both V"
INTRODUCTION
During the past two decades, extensive efforts have been made by seismologists to decipher the structure and seismic velocity distribution within the continental crust. In spite of these efforts, little progress has been made in forging petrologic interpretations of crustal composition from seismic data. The delineation of the crust of the continents into a "granitic" layer overlying a "basaltic" layer by Jeffreys (1926) , in fact, still pervades modern literature of explosion seismology (for example, Roller and Healy, 1963; Hill and Pakiser, 1966; Ocola and Meyer, 1972) . Russian seismologists (Kosminskaya and Riznichenko, 1964) , however, argue that the apparent seismic layering of the continental crust is due to horizontal "metamorphic fronts." This suggestion is very appealing, because lower crustal hydrostatic pressures of 6 to 10 kb and temperatures of as much as 700°C at the Mohorovicic discontinuity (Lachenbruch, 1970) can combine to provide an appropriate environment for high-grade metamorphism. A straightforward application of these pressure-temperature conditions to conventional metamorphic-facies diagrams (Hietanen, 1967; Turner, 1968) indicates that the rocks of the lower crust may be in the granulite facies.
Granulite-facies rocks are abundant within stable Precambrian shield areas and, to a much lesser extent, are components of younger orogens (see Oliver, 1969, for review) . The widespread occurrence of granulite in the shield areas is attributed to extensive denudation coupled with tectonic activity to expose lower levels of continental crust. On the basis of this argument, den Tex and Vogel (1962) suggested that the granulite terranes of Cabo Ortegal in Spain represent unroofed lower continental crust. Lambert (1971) argued for a similar lower crustal origin for the granulite terranes of the Yilgarn Block and the Musgrave Range of Australia. In a comprehensive discussion of the setting, metamorphic associations, and general mineralogy and composition of granulite-facies rocks, den Tex (1965) series (including hydrous migmatite and high-temperature metamorphic rocks) to rocks of the granulite facies, the latter being the major constituent below the Conrad discontinuity. He estimated a lower crustal composition of 50 percent acidic granulite and intermediate charnockiteand 50 percent mafic granulite and eclogite.
Another occurrence of granulite-facies rocks is as xenoliths in diatremes, which have long been subject to scrutiny because the eclogite and peridotite xenoliths in them are commonly thought to be samples of the upper mantle. Granulite-facies rocks have also been reported in diatremes in San Juan County, Utah (McGetchin and Silver, 1972) , northeastern Arizona (Watson and Morton, 1969) , Riley County, Kansas (Brookins and Wood, 1970) , Delegate, Australia (Lovering and White, 1969) , and South Africa (Wagner, 1928) . The close association of granulite xenoliths with eclogite and peridotite leads one to suspect that the granulite xenoliths have been brought up from the lower crust. On the basis of the sizes of xenoliths from the Moses Rock Pipe, McGetchin and Silver (1972) constructed a crustal model in which a major part of the lower crust is composed of mafic granulite rocks.
One method of obtaining estimates of crustal composition is to compare seismological data with laboratory measurements of rock velocities. Because granulitefacies rocks may well be abundant in the lower crust, it is necessary to determine their velocities and elastic properties. Christensen (1969) reported compressional and shear wave velocities for granulite-facies rocks at hydrostatic pressures to 10 kb (the approximate pressure at the continental crust-mantle boundary; see also Goodacre, 1972, and Ramananantoandro and Manghnani, 1972 
SAMPLE DESCRIPTIONS
Beginning with the early work of Eskola ( 1920) , metamorphic rocks have been classified into various facies based on assemblages of mineral phases that form in various temperature-pressure regimes. The granulite facies was originally defined to include regionally metamorphosed rocks in which only anhydrous minerals are stable (Eskola, 1939) . Later classifications have both subdivided the granulite-facies rocks into subfacies and expanded upon the original definition to include rocks transitional between the amphibolite and granulite facies. Although more comprehensive subdivisions have been proposed for the granulite facies (for example, de Waard, 1965a de Waard, , 1965b , the twofold subdivision of Turner and Verhoogen (1960) is panicularly appropriate for a discussion of the elasticity of granulite rocks and will be used throughout this paper. According to this classification, granulite facies are subdivided into the hornblende-granulite subfacies and the pyroxene-gran ulite subfacies. Rocks from the latter subfacies are formed at higher temperatures for given water pressures and lack the hydrous minerals hornblende and biotite.
CHRISTENSEN AND FOUNTAIN
Ten granulite samples that show a wide range in composition and density were selected for this study. Modal an.,lvses 00-taincd hv p01ut counting two Or thrl'c thin sections trom each sample are given in Table I , in which the samples are arranged in order of increasing density, the more granitic and syenitic granulite rocks being near the top and the more mafic at the bottom. Five of the samples contain hornblende and (or) biotite and thus are classified within the hornblende-granulite sub facies.
Sample 1 is representative of granulite described in detail by Smith (1969) as hypersthene-quanz-andesine gneiss from the southern block of the New Jersey highlands. Although the sample selected for our study is compositionally layered, no preferred mineral orientation is apparent either in hand sample or in thin section.
Sample 2, from Tichborne, Ontario, is gray gneiss of the Grenville province and has been described in detail by Giovanella (1965) . The rock contains primarily feldspar and quartz and exhibits a strong lineation in hand sample. The lineation is due to linear concentrations of pyroxene that lack preferred orientation (Giovanella, 1965) .
The samples of California granulite (samples 3, 6, 8) that form part of the core of the Santa Lucia Range were collected along the Pacific coast approximately 25 km southeast of Point Sur. Although there is considerable variation in composition among the three rocks, it is apparent from their mineralogy ( Table 1 ) that they were formed under conditions of hornblendegranulite-subfacies metamorphism. The mafic minerals within the samples show distinct preferred orientation, even though mineral segregation is lacking. The petrography and chemistry of these rocks have been described in detail by Compton (1960) .
The samples of New York granulite collected near Saranac Lake (samples 4, 5, 7) have been described as charnockitic gneiss by Buddington (1952) and as quartz syenite gneiss by Davis (1971 banding and preferred mineral orientation are weakly developed in the spe.:imens we studied from this are;\. Sample 7 is textur-.Illy silllilar to salllpit's 4 ;lnd S blH 1.ll1s quart7. and contains more pyroxene Crahle I). Samples 9 and 10 are mafic representatives of the granulite facies. Sample 9, described by Barrus (1970) , contains abundant hornblende and pyroxene, placing it within the hornblende-granulite subfacies. A strong lineation of hornblende is evident in hand sample and thin section. Sample 10, described by Schmid (1967) , is from the Ivrea-Verbano zone in the Italian Alps. The rock shows no obvious preferred mineral orientation or compositional layering. Pyroxene and garnet are abundant, producing the highest density of the rocks included in this study.
EXPERIMENT At TECHNIQUE AND DATA Three mutually perpendicular cores, 2.54 cm in diameter and 5 to 7 cm in length, were cut from each specimen. Bulk densities (Table 2) were calculated using the weights and dimensions of the cores. The cores were jacketed with copper foil, and transducers, electrodes, and rubber tUbing were assembled on each end in a manner similar to the procedure described by Birch (1960) .
Velocities were obtained from the travel times of elastic waves through samples of known length using the pulse transmission technique (Birch, 1960) . Barium titanate and AC-cut quartz transducers of 2 MHz frequencies were used to generate and receive compressional and shear waves, respectively. The pressure-generating system consists of a two-stage intensifier using a low-viscosity oil for the pressure medium. Pressure was measured by observing the change in electrical resistance of a calibrated manganin coil located on the highpressure side of the intensifier.
The velocities given in Table 2 are uncorrected for length changes resulting from compression at elevated pressures. For most rocks, this correction lowers velocity at 10 kb approximately 0.02 km/sec and is significant only in calculating elastic constants and pressure derivatives of velocity. The compressional and shear wave velocities are estimated to be accurate to 0.5 percent and 1 percent, respectively (Christensen and Shaw, 1970) .
Ratios of Vp to V, and the elastic constants of the granulite samples calculated from the relations between elastic constants, velocities, and density (Birch, 1961) are given in Simmons (1964) , Kanamori and Mizutani (1965) , and Christensen (1966a and Christensen ( , 1966b , Christensen (1968) Birch (1961) have shown that most common rocks have mean atomic weights between 20 and 22 and that differences in mean atomic weights of rock are primarily related to iron content -higher iron content gives a higher mean atomic weight.
In granulite, iron is often located in the crystal lattices of pyroxene, amphibole, garnet, biotite, and magnetite. An increase in the percentages of these minerals at the expense of feldspar and quartz will thus in- (Fig. 1) , with the exception of sample 10.
The unusual relation berween shear velocity and density is readily explained by the mineralogy of the granulite rocks. The increase in shear velocity with increasing density for granulite rocks with densities above 2.85 glee IS due to increasing pyroxene, hornblende, and garnet content. These minerals have higher aggregate velocities than feldspars and quartz (Table 4 ). The relatively low shear velocity and high Poisson's ratio for sample 10 are related to the high feldspar content of this rock (T abies 1, 4). For the lower density samples, there is a decrease in quartz content with increasing density. Compared to many other common silicates, quartz has a relatively low compressional wave velocity and a high shear wave velocity (a low Poisson's ratio). Thus, decreasing quartz content will increase compressional wave velocity and decrease shear wave velocity, as observed The mineralogies of the granulite rocks are related in a complex manner to the velocities. To a first approximation, compressional wave velocities in granulite rocks increase systematically wi th increasing pyroxene, amphibole, and garnet content. Fig. 2) ; however, due primarily to a greater percentage of pyroxene, sample 9 has higher velocities. Additional comparisons of samples 3 and 4 and samples 6 and 7 (Fig. 2 ) also illustrate this influence of metamorphic grade on velocities.
A more detailed examination of the influence of mineralogy on elastic properties may be made with the use of triangular velocity-mineralogy diagrams similar to those used by Christensen (1966b) for ultramafic mineral assemblages. Velocities of the individual mineral components for these diagrams can be obtained from theoretical Voigt-Reuss-Hill averages of single-crystal elastic constants (Table 4) . It should be emphasized that the velocities given in Table 4 are for atmospheric pressure determinations, and there is uncertainty about the correct technique to be used to calculate aggregate velocities from single-crystal data (Birch, 1972; Thomsen, 1972) . Nevertheless, calculations of rock velocities from Voigt-Reuss-Hill averages tend to agree quite well with measured velocities at pressures above 1 to 2 kb when the effects of grain boundary cracks on velocity are negligible (Christensen, 1965 (Christensen, , 1966a ).
In the following discussion, the cmphasis will be on changes in vel(>\:ity that accompany changes in mineralogy, rather than on the values of the aggregate velocities themselves. In this way, the averaging technique used to obtain single-crystal aggregate velocities has less importance, and the effects of pressure on mineral velocities, which are unknown for many of the minerals listed in Table 4 Figure 3 (a) predict that these rocks should have nearly equal shear velocities, whereas compressional wave velocities of sample 3 should be significantly higher than those of samples 1 and 2. This agrees well with the measured velocities ( Table 2 ). More importantly, Figure 3(a) illustrates the effect of quartz on the aggregate properties of granulite-facies rocks. Along the line from point A to point B on the diagrams, \I" increases, but V. decreases. This direction corresponds to the direction of the maximum decrease in Poisson's ratio. Note that this direction does not coi ncide wi th the direction of maximum decrease of the percentage of quartz, because Poisson's ratio is controlled by three mineral components, not quartz alone.
The assemblage bronzite + perthite + An.. (Fig. 3) differs from the previous assemblage by the substitution of perthite for quartz. Granulite samples of this mineralogy (4, 5, 7) are plotted in Figure 3(b) . It is clear that the differences between V" and \Is hetween sample 7 and samples 4 and 5 are primarily due to differences in pyroxene content, because the velocity contours are subparallel to lines of constant pyroxene percentage. Thus, a small change in the percentage of pyroxene will greatly influence the aggregate velocity. Figure3(b) also shows that the velocity contours for \I" and \I. are nearly parallel to each other, in marked contrast to the velocity contours for Figure  3(a) . This difference again points to the unusual elastic behavior of quartz in influencing overall elastic properties of granulitefacies rocks.
Samples 6, 8, and 9 are plotted in Figure   76 4(a), the bronzite + hornblende + An56 assemblage. This assemblage illustrates the interplay of pyroxene and hornblende in determining the elastic properties of granulite-facies rocks. Consider any line of constant pyroxene + hornblende. As this line is followed in the direction of increasing pyroxene [for example, A to B, in Fig.  4(a) ever, that recent measurements in our laboratory of velocities in hornblendite indicate th.1t the hornblende shear velocity in Table 4 and Figure 4 (a) may be low by as much as 0.3 km/sec. Figure 4 (b) illustrates the bronzite + garnet + An53 assemblage appropriate to sample 10. The important fact here is that V" is relatively insensitive to the percentage of bronzite (note that the velocity contours are perpendicular to the lines of equal percentage of bronzite). The compressional wave velocity is changed most readily by changing the ratio of garnet to plagioclase. lowt'r ,'ontillt'I1t"I,TUSt. Suhsequt'lIl l'xpt'rin\t'nts l'Ondlll'tt'd hy Yoder and Till('\' (1961) , Cohen and others (196':) , Iw and Kennedy (1970 Kennedy ( , 1971 , and Kennedy and [to (1972) provided data in support of Kennedy (1959) . Ringwood and Green's (1964) preliminary results, however, indicated that eclogite mineral assemblages may be the stable phases for basaltic compositions at lower crustal pressuretemperature conditions, In more detailed work that followed (Ringwood and Green, 1966a Green, , 1966b Green and Ringwood, 1967, 1972) Fewl'r data are available on the stahility of high-pressure and high-temperatUre mineral assemblages for intermediate and acidic compositions. Green and Lambert (1965) , however, studying crystallization of various mineral phases in a starting material of granitic composition, found that granulite-facies mineral assemblages (quartz + plagioclase + alkali feldspar + pyroxene:!: garnet) are stable at the pressure-temperature conditions of the lower crust. These authors thus suggested that these laboratory-generated assemblages have natural analogs in many acid granulite and charnockite terranes. In a more recent study of gabbroic anorthosite and diorite compositions, T. H. Green (1970) also found granulite mineralogies of these compositions to be stable assemblages under lower crustal conditions. There are, therefore, data from experimental studies indicating that granulite-facies assemblages of acidic and intermediate compositions may be important stable phases of the lower crust.
Variability in Lower Crustal Composition
Although experimental investigations on mineral stability fields at relatively high temperatures and pressures and estimates of pressure and temperature conditions within the crust suggest that rocks of the granulite facies may be ubiquitous constituents of the deep crust of the continents, any valid petrologic model for the lower crust based on granulite-facies mineralogy must satisfy comparisons of seismic data with observed velocities in granulite-facies rocks. The most widely accepted models of continental structure have been those determined through explosion seismology. Most crustal models are considered to be either two layered, the deeper layer separated from the upper layer by the Conrad discontinuity, or essentially one layered, with a shallow refractor at depths of a few kilometers extending to the Mohorovicic discontinuity. In some seismic refraction investigations, however, more than two layers have been reported (Hall and Hajnal, 1973; Mitchell and Landisman, 1971) . These traditional pictures of the Earth's crust are undoubtedly oversimplified (James and Steinhart, 1966) ; we hope that future thorough examinations of velocity-depth relations will define continuous velocity profiles, which, in conjunction with laboratory measurement of rock velocities, will provide important information on changes in composition with depth.
A summary of more than 200 compressional wave velocities for crustal refractors at depths greater than 10 km in the lower continental crust is shown in Figure 5 . A limitation of IO-klll depth allows observations of continental crust below what would conventionally be called the Conrad discontltluity and precludes data from onelayer solUtions. Figure 5 shows that lower crustal refractors exhibit an extremely wide range of compressional wave velocities, which suggests that the lower crust is quite variable in wmposition. Because of this variability, it should be emphasized that overall estimates of crustal composition arc at present extremely tenuous (Poldervaart, 1955; Taylor, 1964; Taylor and White, 1965; Pakiser and Robinson, 1966; Wedepohl, 1969; Ronov and Yaroshevsky, 1969) .
Also illustrated in Figure 5 is the range of compressional wave velocities between 4 and 10 kb for the 10 granulite-facies rocks we arc concerned with here. The range of velocities for the granulite samples is clearly similar to the range of seismic velocities determined for the lower crust. As discussed in the preceding section, the variability of velocities for the samples is clearly related to their range of mineralogy and chemistry. Thus, if the lower crust is composed of granulite-facies mineral assemblages, a significant chemical and mineralogic inhomogeneity of the lower crust is implied.
Composition of the Crust Below the Canadian Shield
In the past few years, several seismic investigations have provided significant observations that allow more detailed analyses of crustal composition than were previously possible for classical two-layered crustal models. These observations included crustal shear velocities and hence Poisson's ratios, information on positive crustal velocity gradients, velocity reversals within the crust (Landisman and others, 1971) , changes in Poisson's ratio with depth (Suzuki, 1965) , and crustal anisotropy (Dorman, 1972) . To show how some of these can be used to obtain a general picture of lower crustal composition, seismic observations for one particular region, the Canadian Shield, will be discussed.
Seismic refraction studies in Ontario and Manitoba (south and southwest of Hudson Bay) summarized by Hall and Hajnal (1973) provide excellent data for a comparison of refraction results with laboratory data. This region has been chosen because both compressional and shear wave velocities are reported, the stated accuracy of the measurements is high (most velocities are reported accurate to :to.05 km/sec), and the region has been covered both extensively and in detail (84 deep seismic recordings). The crustal models determined for this region are summarized in Figure 6 (see Hall and Hajnal, 1973 , for further details of these models). Figure 6 (a) is determined from profiles straddling the boundary between the Churchill geologic province and the Superior geologic province and represents the crustal structure of the Churchill province. The west Ontario and east Manitoba models [Fig. 6(h) , (c)] arcfor a region farther to the south and thus represent the crustal structure of the Superior provlllce.
Refracted velocities for crust beneath the Conrad discontinuity [termed the Riel discontinuity by Hall and Hajnal (1973) J in these models are 6.95, 6.85, and 6.81 km/ sec, and the eastern Manitoba section shows an additonal sub-Conrad refractor of 7.1 km/sec. Clearly these velocities are within the range of compressional wave velocities measured for granulite-facies rocks in this study. Knowledge of compressional wave velocity of the lower crust, however, does not provide adequate information to determine lower crustal composition; inspection of Figures thought to be insensitive to pressure and temperature (Crosson and Christensen, 1967; Fagerne and Kanestr0m, 1973) can be calculated and 'used in conjunction with V" as a constraint on crustal composition. Superposition of the triangular diagrams for V" and (T (Figs. 3, 4 ) produce intersections between V" contours and (T contours that represent an estimate of composition for specific values of VI>and (T. Thus, if these two parameters are known for the lower crust of a region and granulite-facies stability is assumed, it may be possible to estimate lower crustal composition. Because the triangular diagrams (Figs. 3, 4) were calculated from atmospheric pressure values of elastic constants of the component minerals, a correction must be made for pressure. The average disagreement between the predicted velocities and those measured at 6 kb for the granulite samples is 0.2 kmJ sec; therefore, each velocity contour in Figures 3 and 4 has been augmented by that amount. Employing the corrected diagram for the assemblage bronzite + quartz + An29[ Fig. 7 (a) ], an a pproximate estimate of 50 percent An29, 27 percent bronzite, and 23 percent quartz can be made for the mineralogy of the lower crust of west Ontario (V I>= 6.85 km/sec, (T = 0.24). Figure  7 (a) also predicts a mineralogy of 63 percent An29t 31 percent bronzite, and 6 percent quartz for the lower crust of the Churchill province section (VI> = 6.95 km/sec, (T = 0.26). An alternate possibility of 65 percent An29t30 percent bronzite, and 5 percent perthite is given for the Churchill province mineralogy [ Fig. 7(b) ]. Note that the two estimates for the Churchill province section differ only by the substitution of a small percentage of perthite for quartz.
The two estimates for one region indicate the nonuniqueness of this approach. If more than the four mineral assemblages presented here had been examined, more estimates for one region may have been possible. It should be stressed that the variation of temperature with depth was not considered, because the change of VI' with temperature for many of the minerals used is not adequately known. The correction for pressure may also be in error. It is clear, however, that possible estimates of lower crustal composition cannot be made by use of compressional wave velocities alone. Although VI' measurements for the lower crust of the two regions discussed above are nearly equivalent, knowledge of Poisson's ratio in each case allows calculation of different compositions. Hall and Hajnal (1973) , in developing a composite model for the Canadian Shield, found evidence for a positive velocity gradient in the lower crust:
where z is the depth in kilometers. Thus, the refracted velocity at the Conrad discon-
tinuity of 6.HS km/sec leads to a velocity of 7.15 km/sec at the base of the crust, a change of 0..1 km/see. A similar gradient was observed in the Grenville province by Berry and Fuchs (1973) . It is interesting that, for the rocks examined in this study, the average change of V" over an equivalent pressure range of 6 to 10 kb is only 0.1 km/ see. This is significantly less than the change observed in the. Canadian Shield and would be diminished further if the effect of temperature increases expected in the lower crust (Lachenbruch, 1970) were considered. Thus, the only way to explain this velocity gradient is by change of mineralogy with increasing depth with or without a change in chemistry. This suggested change of mineralogy with depth is expressed in the east Manitoba section by the sub-Conrad refractor of 7.10 km/sec. Goodacre's (1972) analysis of refraction data for Canada also implied a change of composition with depth. Other regions in which evidence for velocity gradients exist are Missouri (Stewart, 1968) , Oklahoma , and the western United States (Prodehl, 1970) , showing that positive velocity gradients are not unique to the Canadian Shield. Steinhart and Meyer (1961) emphasized that many time-distance curves from seismic experiments can also be interpreted as resulting from velocity gradients instead of layers of constant velocity. Thus, in addition to lateral variations of composition, there is considerable evidence to suggest that the lower continental crust is further complicated by changes in mineralogy with depth.
SUMMARY AND CONCLUSIONS
Velocities and elastic constants of granulite-facies rocks are related to the eIas-BRONZITE (0) CHRISTENSEN AND fOUNTAIN tic properties of their constituent minerals. To a first approximation, velocities and Poisson's ratios of granulite rocks can be predicted from their mineralogy with simple three-component diagrams. The diagrams are particularly useful in understanding how variations in mineralogy affect seismic velocities. Because these diagrams show that a variety of mineral combinations can have equivalent compressional wave velocities, the interpretation of lower crustal seismic wave velocities in terms of granulite-facies mineralogy requires shearvelocities in addition to compressional wave velocities.
Our knowledge of the structure and composition of the lower continental crust is still incomplete. However, the wide range of seismic compressional wave velocities implies extreme variability in composition. Because experimental studies of mineral stabilities suggest that common igneous rocks are unstable throughout the lower continental crust, we must turn to metamorphic assemblages in estimating lower crustal mineralogy. As has been shown from the velocity measurements presented in this paper, the range of lower continental crustal velocities can readily be explained in terms of granulite-facies mineralogy.
It should be emphasized that seismic velocity measurements do not rule out the possibility of amphibolite-facies rocks as being significant or even dominant constituents of the lower continental crust. In addition to temperature considerations, the nature of regional metamorphism in the deep crust depends upon the relation of water pressure to load pressure (see Binns, 1969 , for review); unfortunately, present estimates of the distribution of water in the lower crust are highly subjective. Compres- sional wave velocities at 6 kb for amphibolite-facies rocks reported by Christensen (1965) vary from 6.1S to 7.75 km/ sec, which is similar to the variation observed for granulite-facies rocks. Shear wave velocities of amphibolite-facies rocks (Christensen, 1966:1) ;He also comparable with granulite shear wave velocities.
Because of the variability of mineral composition and therefore chemical composition implied by lower crustal seismic velocities, any estimate of average lower crustal composition based on seismic velocities must await a much more thorough study of velocity distributions within the crust. It is highly probable that in some regions the lower crust consists of granulitefacies mineralogy of intermediate composition, whereas overall compositions in other regions might be much different. In addition to regions of relatively uniform lower crustal composition, there undoubtedly are areas in which there are significant vertical changes in composition with depth, as has been discussed for the Canadian Shield. 
